Two alternative and straightforward routes were developed for the construction of (R)-goniothalamin, a natural anticancer agent. The first method starts with (R)-glycidol involving stereoselective (partial) reduction of alkyne and sulfoxide Julia-Lythgoe olefination as key steps. Second method deals with the synthesis of (R)-goniothalamin from 2,3-O-isopropylidene-D-glyceraldehyde with partial reduction of nitrile and Still-Gennari stereoselective olefination as critical steps. These two methods with simple sequence of standard organic reactions may be adopted for the sophomore or junior's courses in organic chemistry.
Introduction
Nature is the source for several bio-potent natural products and are the base for the development of numerous medicinally or pharmaceutically active compounds. 1 Natural products with styryl δ-lactones possess interesting biological activities such as anticancer, antimicrobial, antimalarial, antilarvicidal and etc. 5, 6 The genus Goniothalamus is a rich source of styryl 5-or 6-membered lactones. 6, 7 Goniothalamin (1) is prototypical example of styryl δ-lactones, was initially isolated in 1967 from dried bark of Cryptocarya caloneura (Scheff.). 8 Later it was found in several plants, for example in Goniothalamus velutinus, 9 Cryptocarya moschata, 10 Bryonopsis laciniosa, 11 and Alyxia schlechteri. 12 Goniothalamin was assigned initially (S)-configuration, 8 but, revised as (R)-configuration after the synthesis of both the enantiomers. 13 Goniothalamin shows a variety of biological activities such as anti-cancer, 14, 15, 16 anti-microbial, 17, 18 anti-inflammatory and antinociceptive, 19, 20 antiproliferative, 20, 21 plant growth inhibition activity, 22 larvae antifeedant or larvicidal, 23 etc. activities. The activity studies of 1 and its related compounds was revealed by the presence of their side chain. 7, 21 Since it was reported the synthesis of 1 in 1979 by Meyer 13 several reports appeared 16, 21, [24] [25] [26] [27] [28] [29] [30] [31] [32] because of its significant biological properties. Some of the reported syntheses suffers from the requirement of large quantity of hazardous reagents 24, 25 or expensive catalysts/auxiliaries 26 or with low overall yields 31, 32 etc.
Although, some efficient protocols were developed, it is still in demand to develop new/improved synthetic protocols to enhance the scope and possibility of starting materials with simple reactions. In this process we report here, two alternative routes for the synthesis of 1, involving simple reaction sequences.
Results and Discussion
Most of the literature approaches were appeared by C3-C4 disconnection and/or C7-C8 disconnection [24] [25] [26] [27] [28] [29] or some of them by hetero Diels-Alder 30 or nucleophilic intramolecular cyclization. 31 The synthetic strategy that we adopted for the synthesis of 1 is represented in the following Scheme (Scheme 1) and is based on the disconnection of both the C3-C4 and C7-C8 double bonds to simple and commercially available chiral precursor, (R)-glycidol (4) or 2,3-O-isopropylidene-D-glyceraldehyde (9) . The retrosynthetic approach (Scheme 1) revealed that the target compound 1 may be achieved in two different ways. In the first route lactone 2 is the key intermediate to furnish goniothalamin (1). The lactone 2 could be obtained from ester 3, and is possible to derive from the commercially available (R)-glycidol, 4. In another route, 1 may be obtained from the aldehyde 6, which in turn obtained from the 2,3-O-isopropylidine-D-glyceraldehyde 9.
Compound 2 was converted into 1 by Swern oxidation followed by olefin synthesis in one-pot. In this connection several attempts were made for the preparation of 1. In one attempt, we have oxidized 2 under Swern oxidation conditions [(COCl) 2 , CH 2 Cl 2 , DMSO, Et 3 N, −78 °C, 30 min)] into its corresponding aldehyde A (Figure 1 ), and added a solution of B (Figure 1 ) in THF and KHMDS at −78 °C to afford 1 with only 20% yield (Julia-Kocienski olefination). 28, 38 In another attempt we have used sulfoxide modified Julia-Lythgoe procedure 39 to react Swern oxidation product (A) with benzyl phenyl sulfone (C) (Figure 1 ) to give goniothalamin (1) in 80% yield. This step revealed that the final step of the reported procedure for the construction of 1, by Pospíšil and Markó. We have started the second route (Scheme 3) by a Wittig olefination 40 reaction of 2,3-Oisopropylidene-D-glyceraldehyde (9) with benzyltriphenylphosphonium bromide in the presence of n-BuLi to obtain olefin, 8 in 90% yield as 8:2 ratio of E:Z isomers and the E-isomer has been separated by column chromatography was used for further step. The acetonide function of E-isomer (8) was uninstalled to 1,2-diol,
The first method has been developed with the reaction sequence; etherification (protection), epoxide ring opening, partial and stereoselective reduction (Lindlar's alkyne hydrogenation), lactonization (ester formation), deprotection, oxidation and stereoselective (sulfone) olefin synthesis. The second method involves the Wittig olefination, ketal hydrolysis, tosylation (protection), nucleophilic replacement, silyl ether formation (protection), nitrile partial reduction, stereoselective (Still-Gennari) olefination and cyclic ester formation (lactonization). These straightforward sequences may be used as the teaching exercise for sophomore or junior's courses in organic chemistry to educate on anti-cancer agents.
Conclusions
In summary, we have developed two independent routes for the synthesis of goniothalamin, a significant anticancer agent. Simple reactions with high yields in each step, use of commercially available chiral starting materials and inexpensive reagents are the notable advantages of the present methods. These methods with simple sequence of a variety of organic transformations may be adopted for the sophomore or junior's courses in organic chemistry.
General. Solvents were dried over standard drying agents and distilled prior to their use. The reagents and starting materials were purchased from Aldrich and Acros were used without further purification unless otherwise stated. All moisture-sensitive reactions were carried out under nitrogen. Organic portion after workup was dried over anhydrous Na 2 SO 4 and concentrated below 40 °C in vacuo. All column chromatographic separations were performed using silica gel (Acme's 60-120 mesh). 1 
(R)-2-[(4-Methoxybenzyloxy)methyl]oxirane (10).
To a stirred solution of NaH (1.24 g, 54 mmol) in THF (50 ml) at 0 o C was added (R)-glycidol 4 (2 g, 27 mmol) in dry THF (10 ml). After 20 min, p-methoxybenzyl bromide (PMB-Br) (5.94 g, 29.7 mmol) was added drop wise and stirred for 3h at room temperature (r.t.). After completion, the reaction was quenched with water and extracted into AcOEt (3 x 30 ml). The combined organic layer was dried over anhyd. Na 2 SO 4 and concentrated in vacuo to give crude product, which was purified over silica gel column chromatography (CC) by using AcOEt:PE (1:9) ).
Ethyl (R)-6-(4-methoxybenzyloxy)-5-hydroxyhex-2-ynoate (3).
To a cooled (-78 °C) solution of ethyl propiolate (2.02 g, 20.6 mmol) in dry THF (25 ml) was added n-BuLi (1.6M, 12.9 ml, 20.6 mmol) drop wise and stirred for 15 min, then added BF 3 ·Et 2 O (2.61 ml, 20.6 mmol) and continued stirring for an additional 15 min. Once the formation of dark brown alkyneborane was observed, a solution of epoxide 10 (2 g, 10.3 mmol) in THF (10 ml) was added and stirred for 30 min at -78 °C. After completion, the reaction was quenched at −78 o C by the addition of saturated Na 2 SO 4 (20 ml) and the reaction mixture was extracted with AcOEt (3 x 30 ml). The combined organic phase was washed with brine and dried over anhyd. Na 2 SO 4 and concentrated to give crude mass, which was purified by CC (silica gel) using AcOEt:PE (1:9) as an eluent to give the compound 3 (2.71 g, 90% yield) as an oily compound. [ ).
Ethyl (R,Z)-6-(4-methoxybenzyloxy)-5-hydroxyhex-2-enoate (11).
To a solution of compound 3 (2.6 g, 8.9 mmol) and quinoline (200 µl) in benzene (20 ml) was added Pd/CaCO 3 (200 mg) and flushed with hydrogen gas and stirred for 1h under hydrogen atmosphere and the progress of reaction was ensured by thin layer chromatography (TLC). After completion of the reaction, catalyst was filtered, concentrated and purified on CC (silica gel) using AcOEt:PE (2:8) as an eluent to afford the (Z)-acrylate 11 (2. C and then allowed to warm to r.t. over 1h and stirred for additional 30 min at r.t. Me 2 N(CH 2 ) 3 NH 2 (119 µl, 0.672 mmol) was added to this and the resultant suspension was stirred for 10 min at r.t. The mixture was diluted with 6 ml of Et 2 O/H 2 O (1:1) and the layers formed were separated. The aqueous layer was extracted with Et 2 O (3 x 10 ml). The combined organic layer was washed with brine, dried over Na 2 SO 4 and evaporated under reduced pressure to give the crude product, which was used without purification for the next step (reductive elimination). To a solution of SmI 2 (24.5 ml, 0.1M THF solution, 4 eq.) was added HMPA (425 µl, 2.48 mmol) and the mixture was cooled to −78 o C. The crude product (246 mg, 0.612 mmol) in dry THF (0.5 mL) was added drop wise and the resulting mixture was stirred at −78 o C for additional 30 min. Then, saturated aq. NH 4 Cl (15 ml) was added and the whole mixture was allowed to warm to r.t. The layers were separated and the aqueous phase was extracted with Et 2 O (3 x 20 ml). The combined organic layers were washed with 10% aq. Na 2 S 2 O 3 (15 ml), water (15 ml) and brine (15 ml), dried over Na 2 SO 4 and evaporated under reduced pressure. The crude product was then purified by silica gel CC using AcOEt:PE (2:8) as eluent to afford compound 1 as white solid with 80% yield in two sequential steps (Swern oxidation followed by sulfoxide Julia-Lythgoe olefination reaction ). (S)-2,2-Dimethyl-4-styryl-1,3-dioxolane (8) . To a suspension of [PPh 3 CH 2 Ph]Br (6.64 g, 15.4 mmol) in dry THF (50 ml) was added n-BuLi (1.6M in hexane, 9.6 ml, 15.4 mmol) at 0 o C and stirred for 15 min. Then a solution of ketal, 9 (2 g, 15.4 mmol) in THF (10 ml) was added drop wise and the mixture was allowed to stir for an additional 0.5 h at 0 o C. The reaction was quenched with saturated NH 4 Cl (40 ml) and extracted with diethyl ether (3 x 50 ml). The ether solution was washed with brine and dried over anhyd. Na 2 SO 4 . After removal of solvent, the crude product obtained was purified on a silica gel CC with AcOEt:PE (2:98) (eluent) to afford pure compound 8 (2.82 g, 90% yield) as a liquid as 8:2 mixture of geometric isomers (both are separated and 2.25 g, of E-isomer obtained in 72% yield Hydroxy-4-phenylbut-3-enyl 4-methylbenzenesulfonate (14) . To a stirred solution of diol 13 (1.5 g, 9.14 mmol), catalytic amount of dibutyltin oxide (15 mg) and triethylamine (2.88 ml, 22.8 mmol) in dichloromethane (30 ml) was added at 0 o C. After 15 min tosyl chloride (1.74 g, 9.14 mmol) in CH 2 Cl 2 (10 ml) was added drop wise and stirred the reaction mixture for 4h at r.t. After completion, the reaction mixture was diluted with water (50 ml) and extracted into CH 2 Cl 2 (3 x 50 ml). The combined organic portion was washed with brine solution and dried over anhyd. Na 2 SO 4 . After the evaporation of solvent under reduced pressure the crude residue was purified on a silica gel CC by eluting with AcOEt:PE (3:7) to afford the compound 14 as a white solid (2.38 g, 82% yield) (R,E)-3-Hydroxy-5-phenylpent-4-enenitrile (7) . To a cooled (0 o C) solution of tosylate, 14 (2.3 g, 7.23 mmol) in 60% aqueous ethanol (30 ml) was added KCN (0.71 g, 10.84 mmol) and was stirred at r.t. for 10h. After completion of the reaction, ethanol was evaporated under vacuum and diluted with water (20 ml), extracted with AcOEt (3 x 30 ml) and the combined organic phase was washed with brine and dried over anhyd. Na 2 SO 4 and the solvent was removed under reduced pressure to get crude residue. The crude product was subjected silica gel CC using AcOEt:PE (3:7) as an eluent to afford the compound 7 (1.12 g, 90% yield) (3R,4E)-3-(tert-Butyldimethylsilanyloxy)-5-phenylpent-4-enenitrile (15) . To a cooled solution (0 o C) of cyano compound 7 (1.1 g, 6.35 mmol) and imidazole (1.08 g, 15.89 mmol) in CH 2 Cl 2 (20 ml) was added drop wise, tert-butyldimethylsilyl chloride (TBS-Cl) (0.96 g, 6.35 mmol). After completion, the reaction mixture was diluted with water (15 ml) and extracted with CH 2 Cl 2 (3 x 25 ml). The combined organic layer was washed with brine (10 ml), dried over anhyd. Na 2 SO 4 and concentrated under vacuum to furnish the crude residue. The obtained crude residue was purified by flash CC on silica using AcOEt:PE (1:9) as an eluent to afford pure compound 15 (1.73 After completion, the reaction mixture was quenched with saturated sodium potassium tartrate solution (15 ml). The reaction mixture was stirred vigorously at r.t. for additional 1h and extracted with CH 2 Cl 2 (3 x 25 ml). The combined organic layer was washed with brine, dried over anhyd. Na 2 SO 4 and solvent was removed under vacuum to give a crude product, which was purified by silica gel CC using AcOEt:PE (2:50) as eluent to afford pure aldehyde, 6 (1.24 g, 72% yield) as a colorless oil.
[ 27 mmol) in dry THF (5 ml) under N 2 atmosphere was added bis(2,2,2-trifluoromethyl) (methoxy carbonylmethyl)phosphonate (0.87 ml, 4.13 mmol) in dry THF (3 ml) and was allowed to stirring for 30 min. Reaction temperature was adjusted to −78 o C, then the aldehyde, 6 (1.2 g, 4.13 mmol) was added in dry THF (5 ml) drop wise over a period of 10 min. The resulting mixture was stirred for 2h at −78 o C. After completion of the reaction, the reaction mixture was quenched with saturated NH 4 Cl and extracted into Et 2 O (3 x 15 ml). The combined organic phase was dried over anhyd. Na 2 SO 4 and solvent was evaporated under vacuum to obtain crude product, which was purified by flash CC (silica gel) by eluting with AcOEt:PE (1:9) to afford the (Z)-acrylate 16 ( (R,2Z,6E)-5-Hydroxy-7-phenylhepta-2,6-dienoate (5). To a cooled (0 °C) solution of compound 16 (1 g, 2.89 mmol) in dry THF (10 ml) was added drop wise, TBAF (2.89 ml, 2.89 mmol, 1M solution in THF) and the mixture was stirred for 30 min at r.t.. After completion of the reaction, water (5 ml) was added to the reaction mixture and extracted with AcOEt (3 x 15 ml). The combined organic phase was washed with brine, dried over anhyd. [(R)-5,6-dihydro-6-styrylpyran-2-one] (1) . To a stirred solution of compound 5 (0.2 g, 0.86 mmol) in benzene (15 ml) was added a catalytic amount of p-toluenesulfonic acid (0.014 mg, 0.08 mmol) under nitrogen atmosphere and reaction mixture was refluxed at 90 o C for 1h. Then the reaction mixture was cooled to r.t., quenched by an addition of solid NaHCO 3 , the mixture was filtered and the solvent was evaporated under vacuum to obtain the crude residue, which was purified by flash CC on silica gel by eluting with AcOEt:PE (4:6) to afford goniothalamin (1) (0.134g, 78% yield) as a white solid. The spectroscopic data were identical with the data given at Section 2.6.
